Rare earth elements (REE) can be efficiently extracted from umbers, ferromanganese metalliferous 19 sediments of the Troodos ophiolite (Cyprus) by simple leaching and selective precipitation, without 20 accumulation of radioactive by-products. Umbers are dominantly composed of amorphous Fe and 21
Introduction 50
The perceived supply risk for essential materials used in the development of green energy and other 51 state-of-the art technologies provides motivation to investigate new sources for these raw 52 materials. Many are characterized as "critical", given supply risks posed by geographic location, the 53 economic and political stability of producing countries, limited possibilities for substitution and 54 currently low-levels of recycling (European Commission, 2014, Graedel et al., 2014) . At present, 20 55 raw materials are listed by the European Union as critical. Among these critical elements, the 56 lanthanides and yttrium (REY) form a group of 15 metals (Rollat et al., 2016) essential for the 57 development of applications in the low-carbon energy sector (magnets, low-energy lighting, wind 58 turbines, batteries), industry (catalysis, alloys, oil refining), and other technologies (lasers, optics) 59 (Guyonnet et al., 2015) . More than 90% of REY produced worldwide in the last twenty years 60 originated in China, a near monopoly that reflects environmental and economic factors rather than 61
Troodos massif in Cyprus, as analogue to numerous oxide-based deposits found on-land that may 123 provide an alternative to magmatic-related REY deposits that currently dominate global supply. 124
Herein, we report the influence of various kinetic parameters such as the nature and concentration 125 of lixiviant, reaction times, temperature and pulp density, on the release of REY during simple and 126 sequential leaching experiments. We also explore in detail the efficiency of oxalate precipitation 127 for the selective extraction of low concentration REY from other impurities present in the leach 128 liquor via pH-dependent experiment and geochemical modelling. 129
Background geology 130
Umber deposits constitute the basal facies of the sedimentary sequence that accumulated above 131 the extrusive lavas of the Troodos ophiolitic massif, Cyprus. These metalliferous formations resulted 132 from the precipitation and accumulation on the paleo seafloor of Fe and Mn oxides from high 133 temperature hydrothermal solutions in the Tethyan Ocean 91 million years ago (Robertson and 134 Hudson, 1972, Boyle, 1990) . Umbers are found interstratified with or overlying the Upper Pillow 135
Lavas of the Troodos ophiolite as lenticular bodies or in shallow depressions of the lava surface. 136
Although there are minor accumulations at multiple levels within the lavas, supra-lava umbers are 137 by far the most abundant and these constitute the basal facies of the Perapedhi Formation, 138 bracketed between the basaltic upper pillow lavas and radiolarian cherts of Campanian age 139 (Robertson and Hudson, 1974) . Massive umber deposits can reach thicknesses of 4 m, although 140 most are limited to 1 m. However, records indicate that outcrops up to 35 m thick existed prior to 141 extensive extraction in the Mangaleni quarry (Boyle, 1984) where production peaked at 6000 t.y Umbers comprise brown Fe-Mn-rich mudstones with an amorphous oxyhydroxides-dominated 146 mineralogy, formed by the accumulation of hydrothermal plume fall-out of Fe-Mn oxyhydroxides 147 (Boyle, 1990) . Umber deposits are commonly carbonate-free. Dissolved Fe and Mn from the 148 effluent issued at hydrothermal vents oxidize in contact with bottom seawater to form colloids with 149 strong surface charge that enables the efficient scavenging of dissolved species (Koschinsky and 150 Halbach, 1995, Koschinsky and Hein, 2003) . Umbers thus acquired seawater-like REE signatures 151 with concentrations up to ~500 mg.kg -1 total REY (0.06% total REO (TREO) as RE2O3) with low 152 concentrations of radioactive elements (average U = 2.4 mg.kg -1 and Th = 2.0 mg.kg -1 (n=59) (Josso, 153 2017); Table 1 ). 154 155 Table 1 : Typical geochemistry of unaltered supra-lava umbers from the Troodos massif [Josso, 2017] .
156
These Fe-Mn oxide formations thus have similar concentrations to the ion-adsorption clay (IAC) 157 deposits that are mined in southern China (ΣREY = 300 -1500 mg.kg -1 , (Yang et al., 2013) ). By 158 comparison with the most advanced rare earths projects in Europe, the REY content is 12 to 14 159 times lower than in the Khibina and Lovozero alkaline complexes of the Kola Peninsula and the 160 Norra Kärr intrusion in Sweden, respectively 0.7% and 0.59% TREO (Chakhmouradian and Wall, 161 2012, Guyonnet et al., 2015) . However, in contrast with these deposits, umbers possess an 162 amorphous oxide dominated mineralogy and low concentrations of radioactive elements, and 163 these may have advantages with regards to the overall extraction and treatment costs of the ore. 164
Given the low content of targeted elements, it is of prime importance to identify the processing 165 conditions that maximise the release of REY from umbers. We therefore explore the influence of 166 major kinetic parameters of a variety of lixiviants used in the REY extractive industry, including acid 167 and ionic solutions, on the recovery of REY to develop the best recipe for high extraction yields. 168
Material and method 169

Experimental leaching conditions and material 170
Leaching experiments were undertaken to investigate the potential recovery of REY from the 171 metalliferous sediments. Leaching experiments tested a variety of common inorganic acids, such as 172 nitric, sulphuric and hydrochloric acid, as well as ion exchange solutions of sodium chloride and 173 ammonium sulphate, which are widely used in the treatment of IAC deposits in China (Yang et al., 174 2013) . The experiments were designed to test the influence of solution concentration, liquid-to-175 solid (LS) ratios, time of reaction, and effect of temperature on the efficiency of REY extraction into 176
Geochemical composition of supra-lava Umber (n=59) 
181
Batch reactions experiments were performed using 1 to 10 g of powdered samples mixed with the 182 appropriate volume of lixiviant for the desired pulp density in closed 500 mL Erlenmeyer flasks. The 183 kinetic influence of temperature on leaching efficiency was investigated at controlled temperature 184 (40 and 70 °C) by mixing powdered samples and acid solutions (1 N HCl, HNO3 and H2SO4) at 25:1 LS 185 ratio for 2 h on a heating and stirring plate. The acid solutions were first placed on the hot plate for 186 1 h to thermally equilibrate prior to insertion in the flask. 187
Sample PJ-CY-2014-91 (Table 3) , the primary focus for this study, was recovered south-west of Marki 188 on the northeastern rim of the Troodos massif. It was chosen from a pool of other samples as 189 representative of the mean umber composition (n = 59, (Josso, 2017) and oxalate precipitate is good (90% -110% of initial mass) for Na, Mg, Al, Ti, Mn, Fe, V, Co and Ba. 221
Recovery for Ni, Cu, Sr, Y, Zr and REE ranges between 75 and 100% of the initial mass introduced 222 depending on the element over the range of pH tested. In contrast, the masses of U and K were 223 constantly found in higher proportions (110-120%) when compared with the initial mass introduced 224 probably due to higher background noise and measurement precision on these elements. Mn are accurate and fall within the range of published recommended values (Jochum et al., 2005) . 244
Sodium was measured in excess by 6% and 3% in BHVO2 and BIR1 respectively, whereas Ca and Ti 245 concentrations were 3% below recommended range in JB3. Measurement reproducibility on 246 international standards was also checked for discrepancies between standards prepared with and 247 without ammonium oxalates to check for matrix effects from the oxalates. Standard dilution to 248 daughter solutions were prepared by including ammonium oxalate matching the final 249 concentration of (NH4)2C2O4 in samples analysed by the ICP-MS. Excellent reproducibility of results, 250
showing less than 5% difference between standards with and without oxalates, indicates the 251 absence of any matrix effects. 252
Scanning electron microscopy imaging 253
Imaging of the oxalate precipitate was obtained by scanning electron microscopy (SEM) at 254
University of Southampton using a Carl Zeiss LEO1450VP. The instrument used an operating voltage 255 of 20 kV and a working distance of 19 mm. The AZtec Energy Software was used for the processing 256 of energy dispersive X-ray spectroscopy (EDS) with a process time of 5 on an average of 3300 257
. Images were collected using a nominal probe current of 800 pA. The leachate was 258 treated with ammonium oxalates and the pH equilibrated with aqueous ammonia. The solution was 259 filtered and the residue washed with deionized water and then deposited onto Al-Cu pellets. The 260 samples were left to dry in an oven at 60°C overnight and C-coated prior to analysis. 261
Speciation modelling 262
A numerical modelling approach, reproducing the conditions of the precipitation experiment was 263 developed to assess rare earth element fractionation results in the oxalate precipitate. Modelling 264 calculations were performed using the hydrogeochemical code PHREEQC version 3.3.9 (Parkhurstand Appelo, 2013) and the thermodynamic data for REE from the Lawrence Livermore National 266 Laboratory (LLNL) database (Delany and Lundeen, 1990 Figure 1) . 275
Results 276
Leaching with ion exchange solutions 277
Leaching experiments using ammonium sulphate ((NH₄)₂SO₄) or sodium chloride (NaCl) at different 278 concentrations (0.05 -1.75 N) and at a LS ratio high enough for the electrolytes not to be 279 Another important factor influencing REY recovery is the Liquid-to-Solid (LS) ratio, or pulp density. 294 REY yields increase with increasing LS ratio up to 20 with recovery rates of 72%, 83% and 82% for 295 nitric, sulphuric and hydrochloric acid respectively. Further improvements in REY recovery is only 296 minor at higher LS ratios for nitric and hydrochloric acid. In contrast, an improvement of nearly 10% 297 is achieved with sulphuric acid between SL ratio of 20 and 100. This effect can be partly explained 298 by the partial neutralisation of the diluted acid during the reaction with umbers (Ochsenkühn-299 Petropulu et al., 1996) . 300 A threshold reaction time greater than 100 min is observed for the two acids tested here with only 301 minor improvements in REY recoveries for longer leaching times (Figure 1 ). For HCl, the total 302 recovery increases for the first 2 hours of reaction then levels off, with only a 4% gain in the recovery 303 of REY in the next 11 h of additional reaction time. The reason why the sulphuric acid gave lower 304 yields compared to other tests at equivalent concentration, LS ratio and time of reaction is not 305 known. Nevertheless, during reaction more than 75% of the total recovery was achieved after only 306 15 min for both acids, suggesting rapid reaction kinetics of extraction. However, the major elements 307 recovery continuously increased with reaction time, therefore, shorter reaction times limit the 308 amount of impurities mobilised into the leach liquor. 309
As acid activity increases with temperature, elemental recovery in the leach increases as a function 310 of temperature. Recovery for REY increases by 19% when using HCl as the leaching temperature 311 rises from 20 to 70 °C, ultimately reaching 93% recovery of the initial REY content. However, no 312 improvement in REY recovery is observed when increasing the temperature for the nitric and 313 sulphuric acid leach. 314
These results show that temperature is a key parameter during REY recovery using HCl especially 315 at temperatures of around 70 °C. 316
In all experiments, the recovery of U and Th follow similar trends to the REY but reaching asymptotic 317 recoveries between 20 and 50% for Th and 40 to 70% for U across the range of parameters tested. 
Multiple stage leaching conditions 325
Simple leaching experiments recovered > 80% of the initial REY content of the sample with acid 326 concentrations greater than 0.8 N. Unfortunately, undesirable impurities such as Ca and Na also 327 display strong leaching efficiencies (40 -70%) in the weakest acid concentrations. 328
A two-stage leaching process was designed using 0.05 N HCl acid for 1 h in a first stage (L1) to 329 investigate the possible separation of impurities contained in easily dissolved phases from rare 330 earth and yttrium. Following centrifuging and extraction of the liquid phase, a 1 N acid solution is 331 introduced to the sample and allowed to react for another hour on a shaking table (L2). 332
The first leach with weak acid shows that 66% of Ca, 64% of Na and more than 20% of Sr and U 333 passes into solution (Figure 2) . The release of REY in L1 is moderate ranging from 12 to 21% although 334 the most abundant RE, La and Nd, are amongst the least mobilized. In contrast, yttrium, third most 335 abundant RE in umbers shows the greatest recovery of the RE during the first stage of leaching 336 (~21%). In L2, the REY recovery is greater than 65% (up to 76%, with the exception of Ce) for the 3 337 most abundant REY (La, Nd, Y) whereas the recovery continuously decreases for the heavy REE 338 (HREE) with only 43% recovery for Lu. Similar trends and levels of recovery were observed for L1 339 with other weak nitric acid leaching whereas L2 is closer to HNO3 and HCl recovery trends at higher 340 molarity although yields are lower by 10 to 20% (supplementary Figure 2) . 341 342 Consequently, a two-stage leaching process appears to be a viable way of increasing the purity of 344 the leach solution containing the dominant fraction of REY by removing 60 -65% of the main 345 impurities Ca and Na. These elements are present at less than 15% of their initial concentration in 346 L2 compared to a single leaching step. However, 13.5% of the sample's REY, equivalent to 19.6% of 347 the overall inventory of leachable REY, are lost at the L1 stage, which constitutes an important loss 348 considering the already low concentrations of REY in the umber ores available for recovery. 349
Although the leaching efficiency for most major elements is below 10% (apart Na and Ca), the mass 350 of major elements dominate the overall composition of the leachates and highlights that further 351 steps of purification are needed. 352
Protocols of sequential leaching for nodules and hydrogenetic ferromanganese crusts (Koschinsky 353 and Halbach, 1995) have already been widely used for the study of trace elements partitioning 354 between the main mineralogical phases of these marine deposits. Applying this protocol to umbers 355 yielded no significant REY recoveries for the first 2 leachates using acetic acid and hydroxylamine 356 hydrochloride (5.8% and 3.9% respectively). Most REY were retrieved in the solution during the 357 third leach when oxalic acid is employed attacking the dominant amorphous Fe oxide fraction of 358 umbers. However, although REY recovery was good (53%) ) and the high concentration of impurities 369 imposed by the non-pre-treatment of umbers for the concentration of a REE-bearing phase. We 370 investigated, as a function of pH, the selective precipitation of RE-oxalate from other elements 371 considered as impurities. 372
Elemental partitioning between solution and precipitate in various pH 373
The distribution of measured element concentrations between the initial leachate and subsequent 374 precipitate is calculated as a mass percentage (Figure 3) . Over the range of pH values considered, 375 Na, Mg, Al, K, Ti and Fe do not appear to partition into the solid phase, with less than 1% of the 376 measured mass retrieved in the precipitate for Mg, Al, K and Fe, and < 2% for Na and Ti. Ca shows 377 the greatest variation with no precipitation at pH < 1.2 and nearly complete precipitation achieved 378 with the oxalate at pH > 1.5. The virtually complete precipitation of Ca observed in the pH window 379 1.2 -1.5 appears to drive most of the other major element variations (Figure 3) . Manganese 380 precipitation begins at pH = 1.5 and gradually increases from 0.3% at pH = 1.5, to 8.6% at pH = 3.15. 381 Similar precipitation trends are observed for Ba and Sr that are completely depleted in the 382 precipitate at pH < 1.5, and then strongly and continuously increase as pH becomes less acidic, with 383 up to 45% and 89% mass fraction in the solid for Ba and Sr respectively at pH = 3.15. Scandium, V, 384
Co, Ni, Cu display a similar behaviour with important precipitation occurring at pH = 1.5, although 385 their relative fraction in the solid phase decreases at higher pH values. These patterns (Figure 3 ) 386 suggest metal co-precipitation with Ca oxalates, the dominant phase of complexation by mass. 387
The partition trends of the REY into the solid show that nearly complete precipitation of rare earth 388 elements with oxalates is achieved between pH 1.3 and 2.3 (Figure 3) . Outside of these limits, the 389 fractionation varies along the REE series. In the pH window 0.75 -1.3, all REY show increasing 390 affinity for oxalate complexes as a function of increasing pH. However, this fractionation between 391 the solid or liquid phase is not equal across the lanthanides. Uptake within the solid phase increases 392 from La to Eu to then decreases until Lu. In contrast, at pH > 2.5 a decreasing gradient of affinity for 
Purity of the precipitate 400
As demonstrated by the mass distribution between solid and liquid phases, the precipitation of 401 oxalates constitutes an effective stage for the purification of the leach solution. Nearly complete 402 precipitation of REE can be realized, while most major and trace elements, considered as impurities, 403 remain in solution. However, these trends do not address the purity of the precipitate, as 404 substantial differences in mass are not considered in the above results. 405
The purity of the precipitate is analysed as the ratio of the total mass of rare earth and yttrium (REY) 406 divided by the sum of all measured masses (Figure 4) . Disregarding the mass of the oxalates, the 407 total mass of the precipitate expressed as the sum of all other elements measured in the oxalate 408 precipitate range from 30 to 4900 µg with Ca making up 70 to 91% of the precipitate at pH > 1.3. 409 Accordingly, with more than 90% of the total REY mass precipitated from the stock leach solution 410 at pH > 1.1, the purity increases strongly at lower pH, where mostly REY bind with oxalates to reach 411 a maximum at pH 1.1. The purity then decreases as Ca, the main impurity, starts to precipitate. The 412 cumulated masses for all other elements apart from Ca and REY only account for 18 wt.% of the 413 precipitate at pH = 1.1 and less than 10 wt.% above pH 1.3, and is dominated by Mn, Cu, Ni, Na, and 414 Adding the efficiency of oxalate precipitation on the leaching process (85% recovery at 70 °C), the 466 REY recovery in the oxalate precipitate relative to the original sample increases from 51% of the 467 initial REY content at pH = 0.89 to 82% for pH = 1.3 -2. Relative to the impurities that are co-468 precipitating, the optimal purity for the precipitate is achieved for pH = 1.1 where 76% of the initial 469 REY content of the sample is recovered. Based on these values following optimal leaching and 470 precipitation conditions, the processing of 1 ton of umber with an average 500 mg.kg -1 REY would 471 produce an oxalate precipitate containing 380 g of mixed rare earth elements. Figure 4) shows that the presence of 481 oxalate ion C2O4 2-is minimal in the pH window considered here, although the precipitation of REE 482 oxalate is observed at pH 0.8 and decreases at higher pH when the activity of Ox Following the conditions of the precipitation experiments, the REE contained in the leachate are 487 partitioned between the solution and the precipitate formed after the addition of ammonium 488 oxalate. However, not all oxalate ions will be in the correct ionic form to bind with REY to precipitate 489 and form aqueous complexes that may remain in solution (supplementary Figure 4) (Table 5) . Although diverging by two log units, two of the sets are consistent in showing increasing 509 solubility constants from La to Gd, with decreasing values along the HREE. This behaviour contrasts 510 with the variations in log Oxβ1-2 for aqueous REY oxalates complexes that show a continuous increase 511 across the lanthanides (Table 5) .
Although data from Xiong (2011) 
In a similar way to REE, only partial data exists to describe oxalate complexation with other major 539 or trace elements. Some data exists for Ca oxalates complexes Smith, 1977, 1982) , 540 which is convenient for this study as Ca constitutes the dominant impurity in the REY liquor. as RE 3+ and REOH 2+ are only present in the model at pH < 1 and account for less than 1% of dissolved 551
REE. 552
Speciation calculated using PHREEQC with REE concentrations similar to those in the precipitation 553 experiments displays important differences along the lanthanide series and show divergences with 554 experimental results. In the range of pH and concentrations explored here, the Ca-oxalate 555 complexes considered never reach saturation and remain in solution. In contrast with the 556 experiments, no steep precipitation curve is observed between pH 1.1 and 1.5. Another major 557 difference in the results from the model concerns the total lack of precipitation for Tb, Ho, Er, Tm, 558
Yb and Lu. For these elements, complexation is dominated by aqueous single oxalates at pH < 0.8 559 and then by increasing proportions of double oxalate at more than 90% at pH > 1.6. It is important 560 to note that these 6 elements have some of the lowest concentrations in solution ([RE] < 220 ppb). 561
Interestingly, Eu precipitates although its concentration is only 138 ppb. All elements precipitating 562 display convex upward trends of precipitation as a function of pH with a maximum reached for pH 563 0.9 -1.1 (Figure 7 ). All these bell-shape curves show diverse degrees of slope inversely related to 564 the concentration of RE in the stock leach solution. These observations suggest a control of both 565 concentration and atomic number in the speciation of REE-oxalates. 566 presents the formation of RE-oxalates precipitated at different concentrations for 6 selected rare 575 earth elements along the lanthanide series. From the following models, the formation of solid RE-576 oxalate increases up to pH 0.9 -1.1 but decreases thereafter. The position of the maximum 577 precipitation is not constant and evolves from pH 1.1 to 0.9 as a function of increasing atomic 578 number. In addition, the formation of a precipitate is directly affected by the initial rare earth 579 concentration in solution. It appears that the formation of middle rare earth oxalate is favoured 580 against light-and even more so against heavy-rare earth oxalate at equal concentrations. Thisdistribution can be considered as a direct representation of the stability constant RE2Ox3.nH2Oβ where 582 constants increase from La to Gd and decrease again through the heavy rare earth elements. 
596
Although the modelled and experimental trend for the precipitation of REE oxalate do not agree 597 exactly, the model reproduces some of the observations from the experiments. For example: 598
1) The fractionation observed in the recovery from the experiments and the model at pH 599 < 1.1 follows closely the bell-shape of the RE2Ox3.nH2O stability constant 600
2) The models show that at equal concentrations, the formation of precipitating RE-601 oxalate is favoured in the following order: MREE > LREE >> HREE. This trend results 602 from (i) the positive gradient of log Oxβ2 along the lanthanide series coupled to (ii) the 603 increase of competing species (e.g., dominantly Ca) consuming oxalate ions. 604
Accounting for the initial differences in concentration in the experiment, this explains 605 the decreasing recovery of the HREE observed in the experiment at pH > 2. 606
Under the model conditions, the maximum formation of a REE oxalate precipitate occurs at pH 1, 607 similar to values previously reported for the purification of monazite leach liquor (Salman et al., 608 2014 ). The species distribution following oxalic acid dissociation (Supplementary Figure 4) (Hansson, 1970 , Rao et al., 2004 . The decreasing availability of Ox 2-at higher 625 pH due to binding with Ca, prevents the formation of these ring structure and explains the dominant 626 complexation of RE 3+ as aqueous complexes. 627
The absence of Ca oxalate precipitation in the model may explain the observed difference between 628 REY recovery trends from the model and the experiment at pH > 2. In the experiments, Ca oxalate 629 is the dominant precipitate at pH > 1.5 and REY are included as co-precipitating elements within 630 the newly formed crystals. This may explain why REY recovery trends do not decrease as steeply as 631 in the numerical model. Furthermore, a level of supersaturation of oxalate ion might be needed for 632 the precipitation of a solid phase which is not considered in this model. This parameter might alsocontribute to the underestimation of the model for RE2Ox3 precipitation run at the experimental 634 concentrations. 635
Discussion 636
Leaching efficiency 637
The use of ionic solutions tested here has proven to be inefficient for the leaching of REY from 638 umbers. Although this method is widely used in China for the treatment of REY adsorbed in clay 639 with economic yields, a similar approach applied here resulted in only 0.3% REY recovery in optimal 640 kinetic conditions. These results highlight a major difference between IAC and umber deposits 641 considering REY location and binding within the deposit. Although REY were initially adsorbed on 642 the surface of Fe and Mn oxides during umber deposition in the Tethyan Ocean, the REY can no 643 longer be considered as easily exchangeable cations and stronger acid conditions are needed for 644 their extraction. This can be partly in response to modifications in the structure and mineralogy of 645 umbers induced by diagenesis of the deposits. Umbers comprise only minor goethite, quartz and 646 zeolite, with amorphous Fe-Mn oxides still dominant suggesting that REY remain bound to the 647 oxides, although they might be incorporated within the oxide matrix following diagenesis and 648 cannot be substituted easily by ions of equivalent size at neutral pH. 649
REE leachability 650
In all acid leaching experiments, the mobilization of REY has been more efficient compared to the 651 (Shannon, 1976) . This difference in ionic size might account for their ease of extraction compared 655 to these other elements, as they do not fit within the oxide structure as readily as other transition 656 metals. 657
The upper limit for REY recovery, ~80-92% of the total REY content in the original sediment, 658 emphasizes the distinction between REY loosely bound to amorphous oxides and those 659 incorporated within the mineral structure of minor minerals formed during diagenesis such as 660 goethite which are more resistant to the acid leach. The grain size of the material to be leached also 661 constitutes an important parameter to take into account to improve recovery. This parameter can 662 easily be adjusted in a processing plant and the crushing size will have a positive impact on the 663 potential release of REY as the reaction area increases. 664
Optimal leaching conditions 665
Through the experiments carried out in laboratory conditions, all parameters tested indicates a 666 kinetic control over the release of REY in the solution, approaching a maximum of 80 -92% REYextracted depending on the acid used. Threshold values when approaching asymptotes can be 668 considered as the lowest conditions of the parameter tested to apply to optimize REY extraction for 669 each parameter in the most cost-effective way. By implementing beyond threshold leaching 670 settings of the n experiment within the n+1 test, optimal leaching conditions can be determined for 671 an optimized REY extraction recipe considering acid concentration, pulp density, time of reaction 672 and temperature. From the results reported here (Figure 1) , it can be estimated that optimal 673 extraction of REY from umbers can be achieved with either inorganic acid concentrated at 1 N, 70°C, 674 SL ratio > 10 in 1 h on a shaking table that would give a yield equivalent or superior to 90% of the 675 initial REY content (Table 6) . 676 677 
679
This leaching process, when compared with industrial processes for the treatment of REY ore from 680 alkaline rocks, pegmatites or carbonatites is relatively advantageous. It requires only low acid 681 concentrations and near ambient temperatures, in contrast to cracking methods that employ 682 concentrated acids and elevated temperatures (> 200 °C), and yields good performance considering 683 no physical pre-concentration treatment is needed apart from crushing and pulverizing of the ore. 684
Compared to IAC heap leaching (Vahidi et al., 2016) , the process applied for umbers treatment is 685 relatively similar with an overall comparable efficiency although acid conditions are required. 686
However, the umber leaching process requires only a few hours, in strong contrast to the 150 -400 687 days required for IACs. 688 2.3 ± 0.1 3.4 ± 0.1 5.5 ± 0.3 7.6 ± 0.8 76.5 ± 20.1 247.7 ± 25.2 282.6 ± 27.2 369.9 ± 37.5 568.9 ± 83.8 grain size (µm) per fraction (x %) of the sample
